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Introduction
It is estimated that about 4% of all cancers are due to occupation (1), concentrated among lung and bladder cancer. A total of 10 to 20% of lung cancers (2) and 21 to 27% of bladder cancers (3, 4) The most comprehensive source of information about both occupational and nonoccupational carcinogens is a series of monographs published by the International Agency for Research on Cancer (IARC) (5) . These monographs are prepared with the help of international working groups of experts. IARC has published reviews on over 1000 substances. Each review contains a brief description of the chemical and physical properties of the agent, methods and volume of production, use patterns and occurrence, summaries of experimental carcinogenicity tests, a brief description of other relevant biological data (toxicity and genetic and related effects), summaries of case reports and epidemiologic studies of cancer in humans, and an evaluation of its carcinogenicity. IARC classifies agents (or exposure circumstances) according to their carcinogenicity, which ranges from carcinogenic to humans (Group 1) to probably not carcinogenic (Group 4). Among the 100 definite and probable carcinogens, approximately 40% involve primarily occupational exposures (6) .
Within the United States, the National Toxicology Program (NTP) publishes an annual report on carcinogens each year. This legislatively mandated document [Section 301(b) (4) of the Public Health Service Act] contains "a list of all substances which are known to be carcinogens or may reasonably be anticipated to be carcinogens and to which a significant number of persons residing in the United States are exposed." It also contains information on the extent and nature of exposure and each standard established by a Federal agency with respect to the substance. The Seventh Annual Report on Carcinogens listed 24 substances known to be carcinogenic and approximately 140 substances that are reasonably anticipated to be carcinogens (7) .
In the United States, the agencies mandated to ensure the health and safety of The confirmation of an agent as an occupational carcinogen is most persuasive when an exposure-response relationship is demonstrated. Exposure-response may be evaluated in the overall cohort, or in a nested case-control study when it is more efficient to characterize exposure in only a portion of the cohort. Data can be used in risk assessments to estimate the reduction in risk associated with a decrease in exposure.
An example of a study demonstrating an exposure-response relationship is a Environmental Health Perspectives study of rubber hydrochloride workers potentially exposed to benzene at two plants (9, 10) . A total of 1165 white men with at least 1 ppm-day exposure to benzene between January 1, 1940, and December 31, 1965, were included in the study. Air monitoring data for benzene were available from the two plants as early as 1946. Based on these data, a matrix was developed linking each job title with an estimate of the time-weighted average benzene exposure. Linking this matrix with the individual job histories allowed calculation of the cumulative lifetime exposure (ppmyears) for each individual. Table 2 summarizes the results of the standardized mortality ratio (SMR) analysis, in which a pattern of higher risk with higher cumulative exposure was observed. This data set was used by OSHA in 1987 to demonstrate that the 1 ppm PEL for benzene would prevent a significant risk of material health impairment (11) .
In studies in which historical industrial hygiene data are unavailable, duration of exposure is sometimes used as a surrogate for dose. In a study of bladder cancer incidence among workers exposed concurrently to the aromatic amines ortho-toluidine and aniline in a rubber chemicals manufacturing plant, no historical industrial hygiene data were available (12) . Investigators used duration of employment as a surrogate for dose, and found a striking relationship (Table 3) .
Strong associations also have been established for certain chemicals that cause rare types of cancer. For example, workers exposed to vinyl chloride have died from liver cancer at a rate seven times that expected; most of the deaths were due to angiosarcoma of the liver (13), a histologic type that accounts for under 1% of liver neoplasms diagnosed in the United States (14) . The carcinogenicity of bischloromethyl ether (BCME) was first recognized by the occurrence of three cases of small cell lung cancer among 45 workers from the same facility in a Philadelphia chemical plant (15) . Summarizing the data to date, Steenland et al. (2) found that in a total of 3332 workers exposed to BCME studied worldwide, 98 lung cancer cases were observed and 24.1 were expected (SMR = 4.1). Studies have typically exhibited a marked dose response and a histologic specificity for small cell tumors (2) .
Because it is possible to develop evidence for a causal relationship between the specific agent and the cancer excess, singleagent carcinogens can be effectively controlled. Twenty-three of the 24 carcinogens regulated by OSHA, including benzene, asbestos, BCME, and vinyl chloride, are single-agent exposures.
Complex Mixtures as Preventable Causes of Occupational Cancer
Many occupational exposures involve complex mixtures rather than chemically specific substances. Diesel exhaust is an example of a complex mixture that is carcinogenic in animals (16) and is considered a probable human carcinogen by IARC and NIOSH. Levels of occupational exposure are difficult to quantify because until recently there was no air sampling method specific to diesel exhaust (17) . In 1988, a review of the carcinogenicity of diesel exhaust concluded that the epidemiologic evidence was limited by the difficulty in defining and quantifying exposure, the relatively short time between initial exposures and analysis of risk in some studies, and the need to control for cigarette smoking (18 There are approximately 1.5 million U.S. workers exposed to diesel exhaust, principally in the trucking and construction industry. Steenland et al. (2) estimated that approximately 800 of the 100,000 lung cancer cases diagnosed among U.S. males each year are attributable to occupational diesel exposure. Diesel exposures among long-haul truck drivers, the largest occupational group exposed to diesel emissions, are being reduced by U.S. Environmental Protection Agency (U.S. EPA) regulations for allowable truck emissions. However, truck mechanics and railroad workers may continue to have substantial exposures.
Another example of complex mixtures that have been recognized as potentially carcinogenic are cutting and lubricating oils. These products are thought to be responsible for the excesses of cancer of the scrotum, bladder, and digestive tract that have been observed among workers in the machining and metalworking occupations. In a recent example, a case-control study of occupational causes of bladder cancer found an elevated risk among drill press operatives ( Table 4) that was related to length of exposure (3). In 1981, NIOSH estimated that there were 6 million workers in nonagricultural industries exposed to This study was unique both in terms of its massive size and extensive exposure characterization. The exposure characterization required that type of machining fluid used be assigned to each job-department-plantcalendar-year combination after review of plant purchasing and industrial hygiene records and interviews with plant personnel. Estimates of total machining fluid aerosol were based on current measurements of total aerosol collected by the investigators in assembly, machining, and grinding operations in the three study plants and historical air sampling data collected by the company as well as on extensive interviews with plant personnel (23) . One of the reasons it was possible to conduct such a detailed exposure assessment was that the study was jointly sponsored by the General Motors Corporation and the United Autoworkers Union and therefore investigators had full access to company records, facilities, and knowledgeable personnel.
In summary, studies of complex mixtures may require more refined methods of exposure assessment than studies of single agents. In the diesel studies, a method of monitoring for a component of diesel exhaust not present in cigarette smoke, manufacturing emissions, or wood smoke was developed. In the machining fluids study, a detailed historical reconstruction was used to characterize exposure to different types of machining fluids. Development of better exposure assessment techniques is at the cutting edge of occupational epidemiology. (25) . This database is available on public use tapes, not only to Federal agencies, but also to nongovernment researchers. In recent years, NIOSH researchers have utilized this database to examine cancer mortality among women (25) and occupational risk factors for breast cancer (26) , and NCI researchers have used it to examine cancer mortality among farmers (27) .
In case-control studies, the occupational histories of persons with cancer are compared with the occupational histories of persons without cancer. Usually the information on occupations and exposures is gathered by interview with the patient (or control) or the next of kin. The disadvantages of these types of studies are that Environmental Health Perspectives the information on occupational exposures is usually less specific than in cohort studies, and if the cases and controls are derived from the general population, it will be difficult to detect associations with rare exposures or occupations. The advantages of case-control studies are that nonoccupational risk factors such as smoking can be taken into account and entire lifetime occupational histories can be considered. Often the results of case-control studies are used to suggest cohort studies to perform. Much of our knowledge about risks associated with particular occupations is derived from surveillance efforts and case-control interview studies.
Painters have been shown to have increased risks of lung cancer and cancers of the esophagus, stomach, and bladder in many studies, while excesses of leukemia and cancers of the buccal cavity and larynx were observed less consistently (28) . In 1989, IARC concluded that there is sufficient evidence for the carcinogenicity of occupational exposure as a painters. Thousands of chemical compounds are used in paint products as pigments, extenders, binders, solvents, and additives, some of which are recognized to be potential human carcinogens (28) . Painters are employed in numerous industries, including heavy machine manufacturing, construction, automobile refinishing, and fine arts (28) . In some of these applications, worker exposure may be controlled by standards related to specific components of the paint or solvents used (for example, chromium compounds, lead, toluene). Because there is little epidemiologic data to associate the elevated cancer risks in painters to specific exposures, it is not known whether standards put in place in the last 10 to 20 years will protect painters from the elevated cancer risks experienced by earlier cohorts. It is estimated that 500,000 individuals are employed as painters in the United States.
Workers in the dry-cleaning industry are also known to have elevated cancer risks. Unlike many broad occupational associations, the risks of dry cleaning have been documented primarily by cohort studies. Studies have reported elevated rates for urinary tract (29) (30) (31) , bladder (32, 33) , esophageal (29, 33) , pancreatic (32, 34) , colon (33), and lymphatic (29) (36, 37) . Some may question the use of animal studies in identifying potential human carcinogens (38) , but a recent review article demonstrated that 25 to 30% of agents, substances, or chemicals that have been causally or strongly associated with cancer in humans were first identified as being carcinogenic in experimental animals (39) . Moreover, it is hoped that increased understanding of the molecular mechanisms of cancer induction will allow the design of even more predictive animal models in the future (39) .
A related area of research that may reduce the gap between experimental models and identification of cancer risks in human populations is molecular cancer epidemiology. This has been defined to include the estimation of internal dose through biological monitoring of the concentration of chemicals or their metabolites in blood, urine, or other tissue; the estimation of biologically effective dose through measurement of the amount of carcinogen that has interacted with cellular macromolecules including DNA (44) .
In addition to the importance of occupational cancer research to the prevention of cancer associated with occupation, occupational studies are important in the identification of carcinogens that may increase cancer in the general population. Many chemicals for which the cancer risks are best studied in the occupational environment are of concern because of their presence in consumer products or in the environment. Examples include formaldehyde, which is present in wood products, benzene, which is present in gasoline, methylene chloride, which is used in wood stains, paint thinners, and a variety of other consumer products, and a number of pesticides to which the general population may be exposed residentially and through food residue (7) .
In conclusion, because epidemiologic research measures illness and mortality, situations that have already occurred, a positive study can be interpreted as a failure in prevention. The challenge of the next decade will be to identify potential interventions earlier in the causal pathway (toxicologic testing, biomarkers of exposure or precancerous changes, institution of engineering and good industrial hygiene practices to reduce occupational exposure levels) so that occupational cancers can be prevented.
